Introduction
N H 4 V O 3 decom poses at high tem p eratu res to V 2O s. It is well know n that the decom position rea c tion does not occur in a single step [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , In te r m ed iates such as ( N H 4) 2V 60 16 can be identified. In a d d itio n , th e decom position of N H 4 V O 3 is strongly d e p e n d e n t on th e reaction conditions. U n fo rtu n a te ly, th e results of the num erous investigations, which can be fo und in the literatu re, are puzzling and som e tim es co ntrad icto ry . This is m ainly due to the fact th a t m any of the decom position products are very p o orly crystallized, som etim es even being am o r phous. So it can n o t be decided by X -ray m ethods, w h eth e r the phases obtained are hom ogeneous or n o t. O bviously, chem ical analyses are of little value in th ese cases. Spectral inform ation at elevated te m p e ra tu re s and pressures could th erefore be of im p o rtan c e to elucidate the m echanism of decom posi tion.
T he in fra red and R am an spectra of N H 4 V O 3 in cluding lo w -tem p eratu re data have been published [1 , 2 ] and th e results have been co m p ared w ith the co rresp o n d in g ones for th e alkali-m etal m e tav an a dates. M ost of the b an d s, how ever, have only te n ta tively b een assigned w hile the assignm ent of lattice m odes has been m ade w ithout tak in g into account th e existence of ( V 0 3)""~ chains in th e stru ctu re [1, 2] . In ad d itio n , th e pressu re and te m p e ra tu re b e haviour of th e vib ratio n al b ands of N H 4 V O 3 have not been re p o rte d before.
T he stren g th and n atu re of the hydrogen bonds in N H 4 V O 3 are o f p articu la r im p o rtan ce and in this re gard v ib ratio n al spectroscopy can provide u n ique in fo rm atio n . In the p rese n t p ap e r th e results o b tain ed from th e p ressu re and te m p e ra tu re d ep en d en ces of the R am an lines of N H 4 V O 3 are discussed. In frared results for various sam ples are also rep o rted . T hese results are used in co n ju n ctio n w ith th e R am an sp ectra to elucidate som e of the b onding p ro p erties of N H 4 V O 3 , and could possibly be used to explain th e early stages of th e h ig h -tem p eratu re d ecom posi tion of N H 4 V O 3 [27] , using a high-tem p eratu re cell supplied by D ilor In dustries, Lille, F rance. A C o h e re n t R adiation m odel 90-5 A r^ laser was used to excite the spectra using both the 488.0 and 514.5 nm lines. T he te m p eratu re s quoted are correct w ithin 5 K and the spectral reso lution used was 1 cm -1. T he infrared spectra w ere recorded on a B ru k er 113V FT -IR sp e ctro m e ter in the form of K B r discs.
T he high-pressure R am an spectra w ere obtain ed using a diam ond anvil cell [15] . T he 0.22 mm hole in an Inconel gasket was com pletely filled w ith a po w der of N H 4 V O 3 and the pressure inside the gasket was d eterm ined using the Rt and R 2 lines of a ruby chip.
T he N H 4 V O 3 sam ples used in the m easurem en ts w ere purified according to m ethods already d e scribed in the literatu re [16] . T hese sam ples w ere recrystallized from H 20 -D 20 m ixtures in o rd er to obtain the spectra of the isotopic diluted species.
Crystallographic Properties and IR and Raman Selection Rules
The crystal chem istry of several m etav an ad ates which have the pyroxene stru ctu re , including th a t of the am m onium salt, has been sum m arized by H aw th o rn e and Calvo [17] . T he stru ctu re of these m etav an ad ates are ch aracterized by a ( V 0 3)"_ chain in which vanadium is in the + 5 oxidation state. T his chain extends along the c-axis, the alkali m etal or am m onium cations linking the ad jacen t chains [17] , T he recom m ended atom ic nom enclature for these m etavanadates is sum m arized in Fig. 1 . T he h y d ro gen bonding arran g em en t is also evident in this fig ure and it is clear that the N H 4+ ion is sixfold c o o rd i n ated , since it form s two single and two b ifu rcated hydrogen bonds with the surrounding anions [17] , N H 4 V O 3 belongs to the o rthorhom bic space group P b c m ( D 2h) w ith Z = 4 [17] , The N, V , 0 ( 1 ) , 0 ( 2 ) , H ( l) , H (2) atom s all occupy the sites 4 (d ) w ith a site sym m etry of C s; the 0 ( 3 ) atom s are situ ated on the 4 (c) sites w ith a sym m etry of C 2 and the H (3) atom s are on th e sites 8 (e) with a Q -sym m etry.
If a line group of C2v-sym m etry is assum ed fo r the chains in N H 4 V O 3 [18] , the 21 vibrations can be clas sified as r int = 7 A] -I-4 A 2 + 4B , + 6 B2. T hese m odes include four V -0 ( 3 ) stretching, four V -0 ( 1 ) and V -0 ( 2 ) stretch es, ten bending m odes and th ree torsional vibrations. If the v ibrations of both th e N H 4+ and V O 3 -groups in N H 4 V O 3 are analyzed [18] , the results sum m arized in T able I are o b tain ed . T h e p redicted n u m b er and sym m etries of the vibrations will be dealt with later in g rea ter detail w hen the spectral results are discussed.
Hydrogen bonds in NH4VO1
W ith a coordination n u m b er of six and th e N H 4^ ion form ing tw o bifurcated bonds, it could be ex pected th a t the hydrogen bonds will have som e dy nam ic ch a racter, or in o th e r w ords, be of fluxional n atu re [19] . T he norm al hydrogen bonds, viz. the N -H -0 ( 2 ) ones are alm ost straight lines, th e angles being equal to 169 and 176° respectively, w hile the T -translational; R -rotational.
bifu rcated N -H -0 ( 1 ) bonds are also not so highly b en t, one angle being equal to 153°. H ow ever, the o th e r b ifu rcated N -H -0 ( 3 ) angle is highly bent, being equal to 120° [17] , T he interesting question now is to determ in e w hether this bifurcation will b e com e asym m etric at higher tem p eratu res, in o th e r w ords w h eth e r the H -atom will becom e progressively m ore associated w ith one acceptor atom at a tim e th e re b y becom ing m ore dynam ic in character [19] . T his m eans th a t these bonds will becom e stronger at higher te m p eratu re s while the norm al hydrogen bonds will becom e w eaker at higher tem p eratu res.
Results and Discussion

NH4+ and V O f modes
T he R am an and IR results of N H 4 V 0 3 at am bient conditions are show n in Figs. 2 and 3, respectively. T hese results are sum m arized in T ables II and III to g e th er w ith the assignm ent of th e bands and th eir pressu re and te m p e ra tu re dep en d en ces. It is im m edi ately evident in Fig. 3 th a t the R am an active N H 4+ bands are extrem ely w eak co m p ared to the V 0 3~ vibrations. This is, how ever, not th e case as far as the IR sp ectra are co ncerned. These infrared bands were ta ken from ref. [1] ; the relative intensities of the R a man lines are given between brackets. If th e "fre e " N H 4+ ion of T d sym m etry is consider ed , th en four in te rn al vibrations are predicted, viz. v^A j), v2 (E ), v3(F 2) and v4 (F 2). U n d er P b c m sym m etry (D 2 h) splitting o f vj into two R am an active (A g+ B lg) and tw o in frared active (B 2 u+ B 3u) m odes is p red ic ted , likew ise the doubly degenerate v2 should split into eight m odes and the triply degen era te v3 and v4 into tw elve m odes each. In other w ords, extensive splitting of the fundam ental N H 4+ m odes is expected. H ow ever, it is reasonable to ex pect th a t the site gro u p splittings of these m odes will p red o m in ate , and if this is indeed so, V\ will rem ain single, v2 will split into tw o com ponents and v3 and v4 into th ree each. In th e N -H stretching m ode region, the assignm ent of individual com ponents is not so easy. If, how ever, v4 in the R am an spectra is consid ered (Fig. 3) it is clear th a t th ree com ponents are o b serv ed , viz. at 1416, 1438 and 1462 (sh) cm -1 w hich m ost pro b ab ly rep resen t the site-group com p o n en ts o f this m ode. U p o n d eu teratio n bands are o b tain ed at 1073 and 1080 cm -1 and probably 1115 cm -1. O n th e o th e r h an d , v2(E ) was observed to be a single b an d in b o th the IR and R am an spectra. In th e N -H stretching region th e bands at 2796/2817 cm -1 can be assigned to 2 v 4, how ever, it is virtually im possible to assign th e co m p o n en ts at 2960, 3085 and 3214 cm -1 unam biguously. T en tativ e assignm ents o f these bands are given in T able III. N o splittings of th e fu n d am en tals Vj and v3 could be resolved in e ith e r the in frared or R am an spectra. T he b ro ad n atu re of th e N -H stretching m odes in p articu lar p rese n ted a pro b lem in th e sense th a t the bands due to isolated N H 3D im purities in partially d e u te ra te d sam ples w ere also b ro ad and w eaklydefined.
V ib ratio n al spectroscopy, and in p articu lar in frared spectroscopy of the isotopically dilute N H 3D + and N H D 3+ ions has been a pow erful tool in the elucidation o f th e stru ctu re of N H 4+ ions in crystals [20] , This is so because the v ibrations of th ese species are n ot com plicated by v ib rational coupling betw een Vi and v3 and F erm i resonance b etw een fo r exam ple th e v ib rational levels 2 v4, v2 + v 4, vx and v3 as is the case for u n d e u te ra te d or fully d e u te ra te d sam ples. H o w ev er, since these N H 3 D^ and N H D 3+ species are isotopically d ilu ted , th e ir intensities in th e vib ra tional sp ectra are low and th e sam ples have norm ally to be cooled in o rd er to observe all the com ponents. T he p u rp o se of this investigation was to study the h ig h -tem p eratu re b eh av io u r of the R am an bands of N H 4 V 0 3 in p articu lar. H o w ev er, room te m p eratu re in frared results of the isotopically dilute N H 3 D + and N H D 3+ species can provide im p o rtan t additional in fo rm atio n which could facilitate th e in te rp re tatio n of the high-pressure and h ig h -tem p eratu re R am an re sults. F o r this reason th e v ib rational bands of the isotopically dilute species are also included at am bient conditions. W ith an effective sym m etry of Cs for th e N H 4+ ions in N H 4 V 0 3, vx of th e N H 3D~ species should split into C s, Cs and Q (2 ) co m p o n en ts [20] , T h e bending m ode of N H 4+ m odes of T d sym m etry split into v4a and v4bc for "fre e " N H 3 D* groups and th e latter m ode into six co m p o n en ts u n d er C s sym m etry [20] . T he th ree co m p o n en ts p red icted for of N H 3 D + or N D 3 H + are in ag reem en t w ith th e th ree N -H bond distances (7) (Fig. 4) . It can be assum ed th a t these com ponents rep resen t a very strong hydrogen bond (e.g. N -H -0 ( 2 ) ) and the bifurcated hydrogen bond (N -H -0 ( 1 ) and N -H -0 ( 3 ) 
Several criteria have been postu lated according to which the existence of hydrogen bonds can be co n firm ed in am m onium com pounds from a study of th e ir vibrational spectra. Tw o of the m ost p o p u lar criteria are th a t (i) hydrogen bonding is p resen t if the com bination m odes v{+ v6 (i = 2, 4) involving the librational m ode v6 of the N H 4+ ions are observed in Fig. 4 . The infrared spectra of some isotopically dilute species in NH4V 0 3. th e infrared spectra and (ii) if the antisym m etric bending m ode v4 (N H 4+) is observ ed above 1400 cm -1 [21] . It has also been p o in ted o u t [22] th at the hydrogen bonds in am m onium halides w ith a coord in atio n n um ber of 6 or 1 2 will be highly dy nam ic and th at it is unlikely in these cases th a t Vj+v6 will be observed. In o th e r w ords, th e o ccu rren ce of V j+r6 bonds in the infrared spectra of am m onium com pounds will n ot necessarily
T hese two factors will affect v4bc in th e sam e w ay, but v\ differently and a plot of the freq u en cies of v x vs. v4bc will be sep arated according to th e accep to r strength of the anion, th e coord in atio n n u m b er and o th e r param eters [2 2 ]. T he tem p eratu re d ependence o f som e R am an ac tive N H 4+ vibrations is show n in Fig. 5 . It is evident th at the line at 3214 cm -1 is very tem p eratu re-sen sitive, shifting dow nw ards rath er rapidly at a rate of -0.57 cm -1/°C upon an increase in th e sam ple te m p era tu re . This of cause indicates th a t th e hydrogen bond th at this vibration rep resen ts, is increasing in strength. It was previously stated th a t an unam bigu ous assignm ent of m odes is im possible in this fre quency range, how ever, it can safely be assum ed th at this highest frequency vibration corresponds to a stretching m ode involving N -H (3 ). If this is indeed so, it m eans th a t th e hydrogen atom H (3) becom es increasingly m ore associated w ith a particular oxygen ato m , w ith a concom itant increase in the strength of the hydrogen bond. T he o th e r tw o m odes in this fre quency range, viz. the ones at 3085 and 2960 cm -1 shift upw ards upon an increase in th e sam ple te m p e r atu re at rates of 0.24 and 0.21 cm~V°C respectively (T able III). T his behaviour o f th e latter m odes shows th a t they can hardly be assigned to com bina tion m odes such as v2 + r 4 since v2 shifts dow nw ards upon an increase in the sam ple te m p e ra tu re and one of th e co m ponents of v4 upw ards at a rate which can n o t, in com bination w ith th e dow nw ards fre quency shift of v2, possibly account for the upw ards frequency shifts of any one of th ese two m odes. It is th e re fo re likely th a t these m odes are associated with N -H ( l) and N -H (2) which show the norm al b e haviour of hydrogen b o nds, nam ely to d ecrease in strength upon an increase in te m p eratu re . H ow ever, it m ust be rem em b ered th a t th ese m odes could be strongly coupled in th e N -H frequency ran g e, and this could lead to m isconceptions as far as th e th e r mal b ehaviour of these m odes is co ncerned. T his is m ost p robably the reason why v3(N D 4+) at 2405 cm -1 in the R am an spectra does n o t show th e sam e th e r mal beh av io u r as the 3214 cm -1 occur at 371 and 308 c m " 1, respectively [23] , while N M R results show ed th at they occur at 371 cm " 1 (Ca libratio n ) and at 308 cm -1 (C 3 -libration) [24] , If the b ro ad featu re assigned to v4 + v 6 it closely analyzed, it is ev id en t, th a t it ranges from 1776 to 1725 cm " 1 ( Fig. 2) and if these tw o extrem es are assum ed to rep rese n t com bination m odes, v6 is calculated to oc cur at 364 and 309 cm -1, respectively. In som e isotopically dilute sam ples, se p arate features have been observed at 1298 and 1755 cm -1, respectively. T hese values corresp o n d very closely w ith the n eu tron results. If values of 371 and 308 cm -1 are as sum ed for v6, th en em pirical relationships give val ues for E a of = 5 .0 and = 3 .6 kcal/m ole, respectively [25] . C orrelatio n s have been m ade betw een E a and th e frequencies of v3(N H 3 D +) and v4 (N H D 3+) [12] and it is interesting to note th a t the correlations 3.6 kcal/m ole V5 . 2355 cm -1 as well as 3.6 kcal/m ole vs. 1257 cm -1 show th at these hydrogen bonds are norm al ones in w hich the acceptor strength do m i nates, w hile the one of 5.0 kcal/m ole vs. 2216 cm -1 show s th a t very strong hydrogen bonds also exist in this crystal. T hese observations once again prove th a t even though th e am m onium ion in N H 4 V 0 3 has bifu rcated hydrogen bonds, these are not largely dynam ical in character. It is fu rth e r interesting to n o te th a t the R am an lines in the spectral range 308-380 cm -1 show anom alous frequency shifts upon d eu teratio n s, w hich can only be explained in term s of a coupling of the N H 4+ librational m odes w ith O -V -O bending m odes. F u rth e rm o re , it is clear in Fig. 6 th a t the band at 320 cm " 1 shifts u p w ards above 120 °C, w hich could possibly be linked to an increase in the strength of hydrogen bonding of the b ifurcated hydrogen bonds. T his is in direct co n trast to the o th e r m odes in this frequency range w hich shift dow nw ards upon an increase in the te m p era tu re .
It is also evident from T able I th a t m any N H 4+ translational m odes are predicted to occur in the vi b ratio n al spectra of N H 4 V 0 3. T ranslational m odes have b een observed to occur at 242 and 199 cm -1 in the IR spectra, shifting to 224 and 192 cm -1 upon d e u teratio n [1] . In the presen t study additional N H 4+ translational m odes have also been observed to occur at 179 and 157 cm " 1 in the R am an spectra, respec tively (T able II), shifting to 165 and 142 cm -1 upon d eu teratio n .
T he V -O stretching m odes can be subdivided into V -O bridging and V -O term inal ones. E ach [17] . T he d shell of th e vanadium atom is split so th a t the th ree d f o rb i tals form a df 3s hybrid w ith a te trah ed ra l con fig u ra tion. T he dn orbitals m ay form ;r-bands ab o u t tw o of th e o b a n d s so th a t it is only n atu ral th a t th e bonds will behave differently [27] , T he V -O bridging and V -O term inal stretching m odes are n o t very m uch tem p eratu re-sen sitiv e, as is ev id en t from Figs. 5 and 6 and although it can be ex p ected th a t th e V -O bonds will decrease in stren g th w ith increasing te m p era tu re s, any changes in the stren g th of N -H ---0 hydrogen bonds will also affect this beh av io u r. H o w ever, it is evident from Fig. 6 th a t th e 258 cm -1 V -O -V bending m ode is ra th e r affected by te m p e r atu re , while th e 207 cm -1 V -O -V bending m ode actually shifts upw ards upon an increase in the sam ple te m p e ra tu re . T he sam e behaviour is also o b served am ongst the V -O term inal bonding m odes in particu lar the one at 381 cm -1 (dv/dT = -0.05 cm -1/ °C) and 321 cm -1 (d r/D T = 0.03 cm -1/°C up to 150 °C), although the la tte r is m ost probably coupled to ro tatio n al m odes of the N H 4+ ions. C onsequently it can be said th a t any changes in N H 4 V 0 3, brought ab o u t by te m p e ra tu re , m ainly involve the V -O -V angles.
It is fu rth e r interesting to note th at four R am an active lattice m odes have been predicted in T able I for the ( V O j V chains in N H 4 V 0 3 and four have in actual fact been observed (T able II). R otatio n al m odes are norm ally m ore te m p eratu re -and pressure-sensitive than translational ones, because of its te m p e ra tu re d ep en d en ce the band at 123 cm -1 (it was to o w eak in o rd er to be follow ed in the pressure experim ents) is assigned to a ro tatio n al m ode (B lg) of the chains, w hile the ones at 71, 79 and 105 cm -1 are assigned to translational m odes of the chains.
Conclusion
The strength of the hydrog en -b o n d in g in teractio n s covers a wide range in N H 4 V 0 3 as indicated by the difference b etw een the 2355 cm -1 and 2216 cm " 1 bands of the isotopically isolated N -D stretching frequencies. This show s th at at least tw o types of hydrogen bonds exist in the N H 4 V 0 3 crystal, viz. norm al ones w ith N -H ---0 bo n d angles close to 180°, and bent ones which are b ifu rcated . T h ere are indications th a t th e latter ones increase in stren g th upon an increase in the sam ple te m p e ra tu re , w hile the form er ones show the norm al b eh av io u r of d e creasing in stren g th upon an increase in th e te m p e ra tu re. 
